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The big questions

We know there are fundamental questions that the SM cannot answer

* What is the origin of Dark Matter / Energy !

* What is the origin of matter/anti-matter asymmetry !

* What is the origin on neutrino masses !

* What is the origin of the Electro-weak symmetry breaking ?

* What is the solution to hierarchy problem ?

There is new physics out there (beyond the Standard Model)



The big questions

Why no new physics at the LHC?

* Two possibilities:
* New Physics is within the LHC reach

* but it is elusive (and we might see it at HL-LHC)
* New Physics is beyond the mass reach of the LHC

* |f the LHC sees nothing:

* roadmap for HEP not as clearly defined as in pre-LHC era
* no clear no-lose theorem (as with the Higgs)

* Roadmap will consist in exploring new territories:

* Energy/Intensity frontier exploration



The big questions

Caveat: no single experiment can:
* explore all directions at once
* guarantee discovery

Goal: design projects that can deliver:
* precision
* sensitivity to (as many as possible scenarios of) new physics
* yes/no answers to concrete scenarios

HL-LHC will collect data until 2039-2042

big physics projects take ~20 yrs time to plan and build:

* now is the right time top start defining the future of HEP



Future machines o
Within CERN as host lab, several

accelerator facilities have been studied:

ee-collider (FCC-ee):
as a (potential) first step

pp-collider (FCC-hh)
defines infrastructure requirements
|6 T — 100 TeV in 100 km tunnel

HE-LHC :
27 TeV (16T magnets in LHC tunnel)
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Low Energy FCC
37 TeV (6T magnets in FCC tunnel)

ep collider (LHeC/FCC-eh)
50 GeV - 7TeV / 60 GeV - 50TeV
| TeV/ 3 TeV Ecm

FCC CDR
LHeC



https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
https://arxiv.org/pdf/2007.14491.pdf
https://arxiv.org/pdf/2007.14491.pdf

Reach at high energies

How does the rate of a given process (e.g. single Higgs production) scale from 14 TeV to 100 TeV
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SM physics @threshold

SM Physics produced at threshold is more forward @ 100TeV

normalized event rate

— in order to maintain sensitivity need large rapidity (with
tracking) and low pT coverage
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«  Goals:

*  Precision spectroscopy and calorimetry up to |n| <4
* Tracking and calorimetry up to |n| < 6
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Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013
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Why measuring Higgs at high energy pp colliders!?

- High energy pp provides unique and complementary measurements to ee colliders:

- Higgs self-coupling

HL-LHC FCC-ee
* top Yukawa OIH / TH (%) SM 1.3
) . OQgHzz / gnzz (%) 1.5 0.17
’ nggs — invisible OgrHww / gHww (%) 1.7 0.43
OgHbb / GHbb (%) 3.7 0.61
* rare decays (BR BR(ZY),

i y ( (““), ( X) OgHcc / QHec (%) ~70 1.21
ratios, ..) measurements will be 50Haq / Ghaa (%) 2.5 (gg->H) 1.01
statistically limited at FCC-ee SQHrr / Grrr (%) 1.9 0.74

agHup / gHuu (o/o) 4.3 90

6gHyy / OHyy (o/o) 1.8 3.9
Need to 5 / (%) 3.4 3
improve gHtt / JHtt (7o .

OgHzy / QHzy (%) 9.8 -

OgHHH / gHHH (%) 50 40

BR(H—XX) / BRHZZ) =~ gx2 / gz2 BRexo (95%CL) BRin < 2.5% <1%
~
from ete-

Large rates for rare modes and HH production at FCC-hh

— complementary to e‘e-



Single Higgs production @FCC-hh

00
q I
q/ q/ —_ —

ool

B _H a(13TeV) | o(100TeV) | o(100)/c(13) e
ggH (N3LO) 49 pb 803 pb 16
q q VBF (N2LO) 3.8 pb 69 pb 16
VH (N2LO) 2.3 pb 27 pb I
ttH (N2LO) 0.5 pb 34 pb 55

Nioo = Ol00Tev % 20 ab™!
Ng = OsTev X 20 fb~!

Nis=0 x 3 ab™!
Improvement factor on stat. unc.: 14 = Dl4Tev

3=-5at 27 TeV vs HL-LHC
10 at 100 TeV vs HL-LHC

Large statistics in various Higgs decay modes allow:

for % - level precision in statistically limited rare channels (LY, ZY)
in systematics limited channels, to isolate cleaner samples in regions (e.g. @large Higgs pt) with :

higher S/B
smaller (relative) impact of systematic uncertainties



Ratios of BR(H—XX) / BR(H—ZZ)

* measure ratios of BRs to cancel correlated sources of systematics:
* luminosity
- object efficiencies
» production cross-section (theory)

* Becomes absolute precision measurement in particular if combined with H—=ZZ measurement from
e*te (at 0.2%)
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Why the Higgs self-coupling!?

>

Ly = mih? + Ash® + Aqh? 0

In the SM, EWSB and A3 and A4 purely determined by the shape of the Higgs potential

However, Higgs potential could be different (required by some scenarios of EWK
baryogenesis) — has barely been measured

Measuring the Higgs self-couplings gives a handle on the Higgs potential is determined by
the self coupling value

. Vasy




Higgs self-coupling
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Very small cross-section due to negative interference
with box diagram

HL-LHC projections : dka s ka = 50%
Expect large improvement at high energy pp:
- 0(100TeV)/o(14TeV) = 40 (and Lx10)
+ x400 in event yields and x20 in precision
- 027 TeV)/a(14TeV) = 4 ( and Lx5)

- %25 in event yields and x5 in precision
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Self-coupling at future pp colliders

2004.03505 [hep-ph]
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https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2004.03505

Summary of Higgs direct measurements

Observable Parameter | Precision Precision
(stat) (stat+syst-+lumi)
u=oc(H)xBH— ~7v) Op/ 0.1% 1.45%
p=oc(H)x B(H= uu) o/ 1 0.28% 1.22%
uw=oc(H)xB(H— 4u) Op/ 0.18% 1.85%
n=oc(H)xBH— ~yuuw) Opi/ 0.55% 1.61%
R = B(H— pup)/B(H— 4u) OR/R 0.33% 1.3%
R = B(H— ~v)/B(H— 2e2u) R/R 0.17% 0.8%
R = B(H— ~v)/B(H— 2u) OR/R 0.29% 1.38%
R = B(H— ppvy)/B(H— pp) OR/R 0.58% 1.82%
R = o(ttH)x B(H— bb)/o(t1Z)xB(Z— bb) R/R 1.05% 1.9%
B(H— invisible) B@95%CL | 1 x 104 2.5 x 1074
HH production OA/ A 3.0-5.6% 3.4-7.8%
also in [2203.06520]
OR/R HE-LHC | LE-FCC | FCC-hh
R =B(H—vyy)/BH— 2e20) | 1.7% 15% | 0.8%
R = B(H—pp)/B(H—4y) 3.6% 29% | 1.3%
R = B(H—ppy)/B(H—pw) 8.4% 6% 1.8%
R = B(H—=yy)/B(H— 2u) 3.5 % 2.8% 1.4%

* Percent level precision on 0 x BR in most rare decay channels achievable only at 100 TeV

* Percent level precision on couplings if HZZ coupling known from FCC-ee (to 0.2%)



Heavy resonances high energy pp

Q* —jj
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HL-LHC FCC-hh
Vs =14 TeV, | Vs =100 TeV,
|Ldt=3 ab' | JLdt=30 ab
Model 50 95%CL | 50 95% CL
[TeV] [TeV] | [TeV] [TeV]
Strongly Produced Dijet Resonances
Diquark 8.7 9.4 57 63
Coloron | 7.1 7.8 45 51
q* 7.0 7.9 4 50
Weakly Produced Dijet Resonances
w 4.8 5.6 29 36
VA 4.2 5.2 25 32
RS grav. | 3.5 4.4 21 27
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Integrated Luminosity [fb]

Top Squark iyf;— (¢ #) (¢ 70y, m(EY) =0

£y

1.3

1.7

9.6

10.8

also in [2202.03389]

* High mass resonances Z — ee/ P /jj/ tt ... reach should scale as Vs/14TeV

* Provide crucial benchmarks for optimising detector design:

* High momentum tracks and muons

- Boosted hadronic signatures ...



WIMPs/Disappearing tracks

« Observed relic density of Dark Matter Higgsino-like: | TeV,
Wino-like: 3TeV
Mass degeneracy: wino |170MeV, Higgsino 350MeV
*  Wino/Higgsino LSP meta-stable chargino, cT= 6cm(wino)
/mm(higgsino)

»  Useful tools to optimise detector concepts
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Default layout (Concept Design Plan)
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FCC inner tracker
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, Vs =100 TeV, 30 ab™

high-p; charged particle
interacting with TRT material

low-p; charged particle scattered
in materials resulting in badly
measured track py

reconstructed track
———— true particle track
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LHeC/FCC-eh e

ep—>V+X
ep—et+X

Px
* Cleanest high resolution microscope
+ Considerably extends HERA reach
Co * Rich physics programme:
tL’107;— £
? " [] FcC-he £ o SM
“106l I hec A BsM )
mm = «  QCD and proton/nuclear physics
= - » Electro-weak (and anomalous
i _|-4Hi;gsi_';-“ couplings)

Vo3l Precision — <

e ot + Top/FCNCs

i : PDFs

y 0 - Higgs
. = . BSM:

Non-linear QCD B s,
— - Heavy neutrinos,ALPs

see [2007.14491]



LHeC/FCC-eh (QCD)

low-x — Gluon distribution — high-x

*  Probe the proton structure with color
neutral states

xg(x, @° = 1.9 GeV?)
Ratio to CT14

102 |

» Full determination of all parton flavour to
unprecedented precision (low and high-x)

qod b oo b b b b b 1 x
01 02 03 04 05 06 07 08 09

X

- Explore low-x regime :

- Saturation?

» Transverse Momentum Dependent
(TMDs)

+ Generalized parton distribution
functions (GPDs)

Non-perturbative

|18



LHeC/FCC-eh (SM/Top/Higgs)

CC DIS single-top quark production NC (yp) top-quark pair production

v/Z

~|
~|

Vud Vus Vub
V=1V Ves Vep

Via Vis (V)

V=1V Ves Vep V. 1<0.04

\ Vi ts,td

Charged current

Interplay between pp and ep

(shown here: LHeC & HL-LHC - similarly for FCC-hh/eh)

4.00
8x/%

HHL-LHC mlHeC ® pp+ep

Complementarity between pp and ep
* ep: bb, WW, ZZ,cc
* pp-gg, Tt Yy

FCC-eh/LHeC
Higgs@FC WG
——— == ::::g::«.:tiﬂ-‘(‘(‘-clnl-'(f(‘-hh
KC_ [ ] g;ir((‘.:uuﬁ(‘l:l(‘w<uu*(‘|-|('m-

) s [LCsoo+ILCaso+ILCaso
—— B LHeC x| <1
B HE-LHC [kv| < 1
HL-LHC x| <1

0 1% 2% 3% 4% 107! 10° 10! 102 103 104 10°

Neutral current
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H

LHeC/FCC-eh (BSM) e

p J
E— poo-r—rer-rrrey | — MEG:6%=(6,6)
""""""""""""""""" DELPHI:0%=|6 |2
—— ATLAS(LNC):0%=|6,, |2
------------------------------------------------------------------ —— LHCb:©%=|6, |? .
Highest reach for Heavy

—— LHeC(LFV):0%=|6,6,|

FCC-he(LFV):0%=18,6, Neutral lepton searches
rrrrr LHeC(displaced):0%=|6,6,| (H N LS)Z

FCC-he(displaced):0%=|6,6,| o | ong-lived

: | —— HL-LHC(LFV)*107":0°=|6,6,/
' FCC-hh(LFV)+10~":0=|8,6,| * PI‘0mPt
‘ : 1 (')s ----- LHC-13TeV(Z-  e)+10-2:602=|6,6,|

» Rich BSM physics programme for FCC-eh
 Lepton-quarks
* LFV processes

Anomalous couplings

Contact interactions ....




Conclusions

A next generation of accelerators is needed to study the Higgs sector and
explore the energy frontier

An LHeC/FCC-eh machine would provide excellent knowledge of the proton
and complementary measurements to e+e- and high energy hh

A high energy pp machine allows to further explore the unknowns:

Precisely measure Higgs properties (complementary couplings to Higgs
factories)

Most precise exploration of the Higgs potential

Directly access WIMP dark matter

Access unknown unknowns ...
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Machine specs and detector requirements

parameter unit LHC | HL-LHC | HE-LHC | FCC-hh
E.. TeV 14 14 27 100
circumference km 26.7 _26.7 26.7 97.8
peak £ x 1034 cm 25! 1 5 25 30 ]
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal [L ab~1 0.3 3 10 30
Cinel mbarn 85 85 91 108
Otot mbarn 111 111 126 153
BC rate MHz 31.6 31.6 31.6 32.5
_peak pp collision rate GHz 0.85 4.25 22.8 32.4 -
[geak av. PU events/BC 27 135 721 997
Ims luminous region o, mm___ |45 | o7 57 4
line PU density mm ! 0.2 0.9 5 8.1
time PU density ps ° 0.1 0.28 151 2.43
dNch/dn|p=0 7 7 8 9.6
charged tracks per collision N, 95 95 108 130
Rate of charged tracks GHz 76 380 2500 4160
<pr> GeV/c 0.6 0.6 0.7 0.76
Number of pp collisions 10" 2.6 26 91 324
Charged part. flux at 2.5 cm est.(FLUKA) GHzcm ™2 0.1 0.7 2.7 8.4 (12)
1 MeV-neq fluence at 2.5 cm est.(FLUKA) | 10"°cm™ | 0.4 3.9 16.8 | 84.3 (60)
Total ionising dose at 2.5 cm est.(FLUKA) MGy 1.3 13 54 270 (400)
dE/d77|,7:5 GeV 316 316 427 765
dP/dn|n:5 kW 0.04 0.2 1.0 4.0

lumi & pile-up

— x6 HL-LHC

LHC: 30 PU events/bc
HL-LHC: 140 PU events/bc
FCC-hh: 1000 PU events/bc

but also x10 integrated

luminosity w.r.t to HL-LHC

High granularity and precision timing needed to reduce occupancy levels and

for pile-up rejection
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For more details see L.Wang lectures at IAS ‘17

Reach at high energies (l)

To compute reach, we assume we need to observe
given number of events:

LHC parton luminosity distributions

1010 M | L L | AL |
10° E MSTW2008NLO

10tk Vs = 14, 40, 60, 80, 100 TeV
N=0o% ;

dimensional analysis 10°

O~ Lparton (T) * Opartonic g 10

\ ~ o 10

|/ M2 Z 10
3

|/t 2
assumes mostly 10"
T=X1X2=M2/s produce at threshold 10?

WJSl2012

0.1 1 10
Z :integrated luminosity T M, (TeVT

Lparton : parton luminosity
ax2 a6
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https://www.youtube.com/watch?v=xrqKoJWm5xE&ab_channel=InstituteforAdvancedStudy
https://www.youtube.com/watch?v=xrqKoJWm5xE&ab_channel=InstituteforAdvancedStudy

Higgs @threshold

SM Physics produced at threshold is more forward @ 100TeV

normalized event rate

— in order to maintain sensitivity need large rapidity (with
tracking) and low pT coverage

FCC-hh Simulation FCC-hh Simulation
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«  Goals:

*  Precision spectroscopy and calorimetry up to |n| < 4
* Tracking and calorimetry up to [Nn| < 6
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M, (GeV)

Xmin ~ M2/ S

Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013
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Higgs at large pr

1010
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Huge rates at large pr:

- > 10 Higgs produced with pr> | TeV

- Higher probability to produce large pr Higgs from
ttH/VBF/VH at large
- Even rare decay modes can be accessed at large pt

Opportunity to measure the Higgs in a new dynamical
regime

- Higgs pr spectrum highly sensitive to new physics.
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- highly granular sub-detectors:

«  Tracker - pixel:10 pm @ 2cm — Onxe = 5 mrad
«  Calorimeters: 2cm @ 2m — Onxe = |10 mrad

+ good energy/pt resolution at large pr:

© 0,/ p=2%@ | TeV

1500

AR = 0.1

2000



The FCC-hh detector

Tracker: 0 ;/pt ~ 20%

at 10 TeV (1.5m radius) Central Magnet +

Fwd solenoids

Barrel ECAL: LAr/Pb

O/E ~10%/~/E ® 0.7 %

30 Xo
lat. segm: AnAd= 0.01
long. segm: 8 layers

o —

- — -
- —

- —
— —

Fwd ECAL: LAr/Cu ||Fwd HCAL: LAr/Cu ki A bt
G./E ~30%/VE ® | % G/E ~100%/VE ® 10 % - ECAL °HCAL) ’

+
:atr.\ Sesg: ;nA'QIAad):sO.OI :Ztr; Sesg: ;nA'QIAad)e:sO.OS lat. segm: AnAd= 0.025
ong.segm: 6 lay §-Segm. © 1ay long. segm: 10 layers
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An FCC-hh detector

+  Must be able to cope with:
* very large dynamic range of signatures (E = 20 GeV -20 TeV)
* hostile environment (lk pile-up and up to 108 cm-2 MeV neq fluence)

 Characteristics:
* large acceptance (for low pt physics)
+ extreme granularity (for high ptand pile-up rejection)
- timing capabilities
- radiation hardness
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An FCC-hh detector that can do the job

30 2.5 20 1.0 0.0 10 2.0 25 3.0
E1600F—Fomas °e“‘.‘2'................,. —
= H00E Tl Tracker
1200E- i | (| 11 3.5
1000 e | 1] | 15 -6 < n < 6 coverage
800~ 1t 1 [ ] 11 2 .
S00E” lm::"—" T AT jg . pixel : O ~10Pm, 0z ~15-30um, X/Xo(layer) ~ 0.5-1.5%
00E- i F L B . outer : Orp ~|0m, 0z ~30-100um, X/Xo(layer) ~ 1.5-3%
— . ! ek LT - S S e e T
0 -15000 -10000 -5000 0 5000 10000 15000 6.0
z [mm]
Calorimeters

ECAL: LArg, 30Xo, 1.6 A\, r = |.7-2.7 m (barrel)
HCAL: Fe/Sci ,9 A, r =2.8 - 4.8 m (barrel)

: central R=5L =10 m,B =4T
. forward R =3m,L=3m,B =4T

. Two stations separated by [-2 m

Muon spectrometer —— .
' 50 um pos., 70pirad angular —-—
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OpT/pT (°/o)

T T T T TTTT

T

T 1. TTTTT

pT =4 GeV muons enter the muon system

pT = 5.5 GeV leave coil at 45 degrees

' x(m)

o./p = 10%
@20 TeV

102

10°

10*

P, (GeV/c)

o, /P, (%)

50 I I T T

! I I I I | I I : I -'I—

- —10GeVlc

- 100 GeV/c 4

= —— 200 GeV/c : H

40— ——-B00-GEV/C it ;

- —1TeV/ic 3

- —2TeV/c H

- ——10TeV/c 3

0

10 S S A S ................................................... _h

oT . | 1 L | 1
0 0.5 1 1.5 2 25

Inl

Calo + Coil = 180-280 Xo

Standalone muon measurement with angle of track exiting the coil
Target muon resolution can be easily achieved with 50 pm position
resolution (combining with tracker)
Good standalone resolution below [n| < 2.5
Rates manageable with HL-LHC technology (sMDT)
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Data rates and trigger

Parameter Unit LHC | HL-LHC | HE-LHC | FCC-hh
bb cross-section mb 0.5 0.5 1 2.5
bb rate MHz 5 25 250 750
bb ka) > 30 GeV/c cross-section ub 1.6 1.6 4.3 28
bb p > 30 GeV/c rate MHz 0.02 0.08 1 8
Jets p]; ¥ > 50 GeV/c cross-section [341] ub 21 21 56 300
Jets p];t > 50 GeV/c rate MHz 0.2 1.1 14

Need more selectivity at Level | (full allocated
Phasell bandwidth for single muon pt > 30 GeV)!

Phase |I:

+  ATLAS/CMS calorimeters/muons readout @40MHz and
sent via optical fibres to Level | trigger outside the

cavern to create LI trigger decisions (25 Tb/s)
*  Full detector readout @ |MHz (@40MHz ~ 200 Tb/s)

FCC-hh:

- At FCC-hh Calo+Muon would correspond to 250 Tb/s

(seems feasible)

- However full detector would correspond to -2 Pb/s
- Seems hardly feasible (30 yrs from now)

* More selectivity needed @LI (4D hit information?)

rate (MHz)

rate (Hz)

103 E T T T T | T T T T | T

- muons

B Inl<2.5
10? = : =
10 = =

90 - |
/ L

b | | | | L,
0 10 20 30 40 50
P, threshold (GeV/c)
T T l T ] T ] T T I T T T ] T T ] T
@ i : Vs =100 TeV
o7k i Ly =5 x 10% cm2 577 |
¢ | MHz -
1065-_- ------------- ‘:....-.l.-....-.....-.-...--.-........f...;
10° ! + =
1 I Il Il ’ 1 1 | 1 1 Il | Il 1 1 i l.-
0 20 40 60 80 100

p:m threshold (GeV)
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Strategy for R & D

High profile R&d program needs to be carried on to make this possible,
(leverage HL-LHC efforts)

Possible Directions:

Radiation hard silicon detectors

High precision timing

_ow power, high speed links

Highly segmented calorimeters (3D imaging calorimeters)

Software, reconstruction algorithms (4D particle-flow, boosted object
tagging)

Large scale muon systems

Magnets

Cryogenics

CERN-OPEN-2018-006

CERN has released a document
On plans for R&D as input to
European Strategy:

Strategic R&D Programme on

Technologies for Future Experiments
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Recap: Higgs @ e+e- colliders

Q

Higgs tagged by a Z, Higgs mass from Z recoil

C

m;, =s+m, —2\/E(E+ +E)

Events/1 GeV

Higgs recoil mass measurement — production cross section:

106 Higgs produced @ FCC-ee

+ rate~gz2 = 0gz/lgz~0.1 %

Then measure ZH — ZZ/Z
rate ~gz4/ T = Olu/Th ~ | %

Then measure ZH — ZXX
rate ~ gz2gx 2/ [n — Ogxlgx ~ | %

251~
20}~
15[

10}

o

6

(5 e
=
|

70 80 90 100 110 120 130 140 150
rnRecoil (GeV)

provides absolute gz coupling in ete-

BUT limited statistics:

» for rare decay modes
* HH production
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Coupling measurements at ee vs hh

At pp colliders we can only measure:
O-prod BR(|) - O-prod I_i / rH

— we do not know the total width.

In order to perform global fits, we have to make model-dependent assumptions

Instead, by performing measurements of ratios of BRs at hadron colliders:

BR(H—XX) / BRH—ZZ) =~ gx2 / gz2

from e+e-

We can “convert” relative measurements into absolute via gz thanks to e*e-
measurement

— synergy between lepton and hadron colliders
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MLM, D. Jamin, C. Helsens, G. Ortona, MS

Top Yukawa (production) "

» production ratio O(ttH)/O(ttZ) = y:2 yb2/ gtez 2

* measure O(ttH)/o(ttZ) in H/Z—bb mode in the boosted
regime, in the semi-leptonic channel

» perform simultaneous fit of double Z and H peak

*  (lumi, scales, pdfs, efficiency) uncertainties cancel out in ratio tt

t R4
* assuming gw«z and Kp known to 1% (from FCC-ee), IZ + >nn<t 7+ >mm<t
t < t

— measure ycto | %

«10° FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
% i LI ENL  N L  L L L  B ] %70000 _—l rTr[rrrr[rrrrrrrr T l_—.
S 500 - _ 0] L B —ttH 4
= Vs =100TeV B t+jets i = - Vs =100TeV — :
~ - L=30ab’ B tt+bb ) ~60000~ L=30ab" -
g - I ttZ : g N §
s 400 - &50000F S .
- — — o —
- < .
. - - Yt / Yt = | % ]
300/ - 40000/ -
! - 300001~ —
200 — - ]
i ] 20000(— =
100 -
i i 10000~ -
. ] - L N

% S0 100 150 200 250 300 % 50 100 150 200 250 300

m;(H) [GeV] m,(H) [GeV]
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Higgs decays: YY - ZZ - £Y - UM

* 1% systematics on (production x luminosity), meant as a reference target. Assumes good

theoretical progress over the next years, and reduction of PDF+s uncertainties with HL-LHC +
FCC-ee.

* e/ply efficiency systematics (shown on the right). In situ calibration, with the immense available
statistics in possibly new clean channels (Z— ppy), will most likely reduce the uncertainties.

* All final states considered here rely on reconstruction of my to within few GeV.
* backgrounds (physics and instrumental) to be determined with great precision from
sidebands (~ infinite statistics)

SO e A A A A A R R
* Impact of pile-up: hard to estimate with today’s analyses. =L e b
— Focus on high-pt objects will help to decrease relative impact 3 Bl B
) Fl R N S ---p(eons) ]
of pile-up R R R A
12_'-" _ | : | | | | |
10 f ‘|-‘ o : o » - . :
, . , L e e o
* Following scenarios are considered: I AN R I T N WO A
* Ostt — stat. only (I) (signal + bkg) -
* Ostt , Oeff — stat. + syst. (ll) R S
*  Ostat , Ocff ,Oprod = |% — stat. + syst. + prod (lll) P, [GeV]



* 1% lumi + theory uncertainty

Higgs decays (signal strenth)

- prt dependent object efficiency:

. de(ely) = 0.5 (1)% at pr = o0

* study sensitivity as a function of minimum pt(H) + Og(M) =0.25(0.5)% at pt 2
reqUIrement In the XY’ ZZ(4I)’ uu a‘nd Z(")Y FCC-hh Simulation (Delphes)
— T R IR IR IR LR IR LR RN LR |
ChaHHEIS X - U’X’Z(”) }’ - (5 =100 TeV —— stat. + syst. + lumi |
= stat. + syst.
© L =30 ab™
* low pt(H): large statistics and high syst. unc. X = py,Z(ll) 1of e
» large pt(H): small statistics and small syst. unc.
< H
* O(1-2%) precision on BR achievable up to very
high pt (means 0.5-1% on the couplings) et
jet(s
1075600 s 005w om0 sm0" 400430500
pt  [GeV]
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
< AR RRARNRARRN RRRRS RRRRE RARRN RRRRE RRARE RRRRN RARRE ® AR RRARE RARRN AR RS RARAN RARR RS RN RARR © RN RN LR LN RN RN LR LR RARRN|
::: - Vs =100 TeV — stat. + syst. + lumi | EL’ - {5 =100 TeV — stat. + syst. + lumi | \‘; - {s=100TeV — stat. + syst. + lumi |
s o L =30 ab” stat. + syst. = - L =30 ab” stat. + syst. = L =30 ab” stat. + syst.
© - — stat. only © N — stat. only © - — stat. only
10 = 10 = 10 =
T /-
1 =
— ]
H—Yy !
1070500506 406 400 600706406 800 000 10711306500 500405 406600 70808 406 100 1075600000 5m0 508 w0400 40500
p?min [GeV] p:"min [GeV] p:min [GeV]
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X (inv)

H—invisible /o m

*
*

< H
* Measure it from H + X at large pT(H)
| jet(s)
* Fit the Eymiss spectrum

» Constrain background pt spectrum from Z—VV to the % level using NNLO QCD/EW to
relate to measured Z,W and Y spectra (low stat)

* Estimate Z—VV (W—IV) from Z—ee/Pph (W—IV) control regions (high stat).

Phil Harris
’;\ I_~|||| I Illlllll | IIIIIIII I |||||||| I |||||||| I IlllllII | IIIIIIT
- B |
r . BR(H—inv) = 2.5 104 30 ab-"
T 10°F .. =
N— — .
102 - = =
— --*- default ~ - FCC-ee
~ --®- default no exp. sys \\l\ .
102 & e | H—2ZZ—vvvwy
= 1% unc. =
— \‘\ .
B 1% unc no exp sys. - _
. B FCC-ee C
107 E  BRH- 22— vwwy)
:lllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 lllllllI
- 3
107 1 10 10° 10 10°

108 10°
Luminosity (fb™)
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Standalone 100 TeV Higgs measurements

* Following the principle of reducing as much as possible the impact of systematics
assumptions on future measurements, additional ratio measurements:

o(WH[—yy])/ c(WZ[—eTe™])
oc(WH[—11])/ c(WZ[—TT])

o(WH[—bb]) / c(WZ|— bb])

Gw = ghww X BR(H — vy)

Py |WlelZle] WlelH|W[/]Z[e] W[/JH[yY]| 6R/R
(GeV) (pb) (pb) x L x L

100 | 2.1E-2 1.0E-1| 1.3E6 1.4E4 |8.5E-3
150 1.0E-2 6.3E-2| 6.0ES 8.7E3 1.IE-2
200 | 5.6E-3 3.8E-2| 3.4ES 5.2E3 1.4E-2
300 | 2.1E-3 1.6E-2| 1.3ES 2.2E3 |2.1E-2

—_—
— G. = grhww X BR(H — ©7)
———  Gp=ghww X BR(H — bb)
ud
parton level sty
p’T"i" WlelZ[t] W[elH |W[/]Z[<] W[/]H[tt]| OR/R
(GeV) (pb) (pb) x€& L x& L
100 2.1E-2 1.0E-1| 1.3E5 38E4 |[59E-3 6G/G < I%
150 1.0E-2 6.3E-2| 6.0E4 24E4 |7.7E-3
200 | 5.6E-3 3.8E-2| 3.4E4 14E4 |1.0OE—2|
300 2.1E-3 1.6E-2 -
400 98E-4 7.9E-3 " Wlel]+bb W[e]Z[bb] W[e]l+bb W[e]H | W[/]bb WI[/]Z[bb] W[/]bb WI[/]H[bb]| SR/R
(GeV) (pb) (pb) (pb) (pb) xg, L x&, L x&, L x€& L
m[bb] € mz m[bb] € my m[bb| € mz m[bb] € my
200 3.3E-2 2.5E-2 23E-2 3.8E-2 9.9E5 7.5E4 6.9E5 6.6E5 2.5E-3
300 1.2E—-2 9.2E-3 8.8E—3 1.6E-2 3.6E5 5.5E4 2.6E5 2.8E5 3.2E-3
400 5.5E—3 4.3E—3 4.1E—-3 7.9E-3 1.7E5 2.6E5 1.2E5 1.4E5 4.5E—3
600 1.7E-3 1.4E-3 1.3E—3 2.6E-3 5.1E4 8.4E4 3.9E4 45E4 |7.8E-3
800 6.8E—4 6.2E—4 50E—4 12E-3 2.0E4 3.7E4 1.5E4 2.1E4 1.1IE-2

also: o(ZIWIH[—=yY]) / 6(ZIWIZ[— eTe])
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Higgs Self-coupling and constraints on models
with |st order EWPT

Strong | st order electroweak phase transition (and CP violation) needed to explain large observed

baryon asymmetry in our universe
Can be achieved with extension of SM + singlet

Direct detection of extra Higgs states

< 100 TeV, 30/ab =—
100 TeV, 3/ab —
100 | 14 TeV, 3/ab —

400 500 600 700 800
m-, (GeV)

ho — hih1  (bbyy + 471)

Combined constraints from precision Higgs
measurements at FCC-ee and FCC-hh

__Real Scalar Singlet Model
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hhh coupling: Az/Asz sm
Parameter space scan for a singlet model

extension of the Standard Model.The points
indicate a first order phase transition.



A.Sznajder, MS

Vector Boson Scattering

» Sets constraints on detector acceptance (fwd jets at N=4) w ’ Iarge mww
* Study W*-WH- (same-sign) channel W wW
+  Large WZ background at FCC-hh -

*  3-4% precision on W W_ scattering xsec. achievable with full dataset (only 30 HL-LHC)

* Indirect measurement of HWW coupling possible, dkw /kw = 2%

FCC-hh Simulation (Delphes)

S FT T T rr [ T T r T T T T T [ T T T I
12}
o) - .

VBS W, W, Same Sign Cross Uncertainty

S — m. > 1000 GeV

161 — Inl<25 Inl<45 P}>30Gev s | e v ]
— || <4.0 |nj|<6.0 P,>30GeV u T S 2”': :goG(zslv E

141 Nl <40 In|<6.0 P}>50GeV : "

=
N
!

VBS - W; W;

W+

o4}
1

W+

Relative Uncertainty (%)
=
o

W+

[}
L

»
Q

5 10 15 20 25 30 Ky
Integrated Luminosity ab~!

Table 4.5: Constraints on the HWW coupling modifier xy;, at 68% CL, obtained for various cuts on the
di-lepton pair invariant mass in the W; W; — HH process.

ml+

+eut | > 50 GeV | > 200GeV | > 500GeV | > 1000 GeV
Ky € [0.98,1.05] | [0.99,1.04] | [0.99,1.03] [0.98,1.02]
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F. Bishara, R. Contino, J. Rojo

negligible at
large muH

high energy behaviour driven by Cav and Cy, if
0Cyv = 0, grows with E

0 in the SM
T T ] T v 30
= - SM - I
— Cy = 08 ;1'_:
= == Background - .-% 60 [
et 2
8 ] o
o, 40 +
i T ] 5
_|_I_|—‘_|_|_ E 20 i
- — i 3
| ] D-‘ O ]
1 2 5) 10 20 —0.02 —-0.01
mMph [TeV

With cv from FCC-ee, 0cav< 1%

0
0

.00

Cc2v

0.01

0.02
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Towards defining the FCChh detector

Physics constraints

Total thickness (A )

The boosted regime:

— measure leptons, jets, photons, muons originating multi-TeV resonances

Tracking:

16—

o(p) _ pos

p  BIL?

Calorimeters:

Tracking target : 0/ p = 20% @10 TeV
Muons target: 0/ p = 10% @20 TeV

Calorimeters target: containment of pr = 20 TeV jets

14
12k
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Towards defining the FCChh detector

Physics constraints

»  The boosted regime:
— measure b-jets, taus from multi-TeV resonances

Long-lived particles live longer:

ex: 5 TeV b-Hadron travels 50 cm before decaying
5TeV tau lepton travels 10 cm before decaying

— extend pixel detector further!?
- useful also for exotic topologies
(disappearing tracks and generic BSM
Long-lived charged particles)
 number of channels over large area can get too high

B-hadron

A A
— re-think reconstruction algorithms: 2*pixel pitch

* hard to reconstruct displaced vertices

- Cpe el _— Only 71% 5 TeV b-had
- exploit hit multiplicity discontinuity nly 71% 5 Te adrons

decay < 5th layer.

e displaced vertices
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SM physics @ 100 TeV

SM Physics is more forward @ 100TeV

- in order to maintain sensitivity in need large
rapidity (with tracking) and low pT coverage

— highly challenging levels of radiation at large
rapidities

« Goals:

*  Precision spectroscopy and
calorimetry up to |n| < 4
 Tracking and calorimetry up

to | <6

R — R
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Photon resolution with PU

Energy resolution, n=0

Invariant mass for two photon events (Ey>4OGeV)
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Large impact of in time PU on the noise term (out of the

box with no improvements)!!

- severely degrades myy resolution (improving clustering,

not sliding windows may help)

* impacts Higgs self-coupling precision by 0K\ = 1%

- some thought needed (tracking, timing information can

help?)
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High Mass resonances

[1606.00947]
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Precision vs. sensitivity

We often talk about “precise” SM measurements.VWhat we actually aim

at is “‘sensitive’ tests of the Standard Model, where sensitive refers to
the ability to reveal BSM behaviours.

Sensitivity may not require extreme precision. Going after “sensitivity”,
rather than just precision, opens itself new opportunities .

For example, in the context of dim. 6 operators in EFT, some operators
grow with energy:

2 TeV
BR measurement: 00 ~ (%) ~ 6% (%) = precision probes large A
e.g. 00=1% = A ~2.5TeV
Q 2
a(pr > X): 00 ~ (X) = kinematic reach probes large A

e.g.00=15% at Q=1 TeV = A~2.5TeV
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